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Summary 
A closed loop experimental apparatus was assembled for the 
purpose of making pressure drop and turbulence measurements for  
dilute gas-solid suspensions flowing i n  a tube. The apparatus 
included a two phase flow meter for solids concentration determina- 
t ion  and so l id  s t a t e  anemometry for velocity and turbulence 
measurements. 
Five different sizes of glass  beads ranging from a nominal 
diameter of 10 t o  60 microns w e r e  c i r cu la t ed   a t  loading ratios up 
t o  2.5. Three different  gas Reynolds number ranges from 12,000 
t o  25,000 w e r e  investigated in both a ver t ica l  and horizontal 
test  section. 
The results of the investigation showed tha t  i n  the ver t ical  
tes t  section lower pressure drops w e r e  obtained for all  of the 
dilute gas-solid suspensions studied than w e r e  observed for  t n e  
pure gas a t  t h e  same gas Reynolds  number. For the horizontal t e s t  
section pressure drop increases above the pure gas values w e r e  
found for  the two largest  c i ted par t ic les  b u t  decreases w e r e  a lso 
observed with the smaller particles. 
The ver t ica l  tes t  section resul ts  may be explained i n  terms of 
the interaction of the particles with the turbulent s t r u c t u r e  o f  the 
f lu id  i n  the vicini ty  of the wall. The particle relaxation t i m e  
was an important factor and a pa r t i c l e  s i ze  of 30 microns was found 
to yield the greatest  reduction in frictional pressure loss.  Both 
smaller and larger particles resulted i n  less drag reduction. The 
results of the horizontal  test  section could not be wholly explained 
on th i s  bas i s  due to  the  "segregated" and "bouncing" flow phenomena 
observed with the larger particles. 
Turbulence measurements made i n  a ver t ical  sect ion show an 
increase in the centerline intensity of turbulence when drag reduc- 
t ion w a s  observed. These prelininary measurements might indicate 
tha t  a build-up of the laminat sublayer i s  caused by the\particles 
extracting angular momentum from the fluid near the wall. Similar 
trends have been reported i n  cases of drag reduction with liquids. 
Introduction 
Historically,  the first  use of gas-solid suspensions occurred 
i n  the conveying of food and mater ia ls .  When the unique contacting 
properties of suspensions of f inely divided mater ia ls  i n  a gas 
became evident,  however, t he i r  app l i ca t ion  was  no longer l imited 
t o  conveying materials, b u t  spread to  inc lude  many physical and 
chemical  operations  as w e l l .  Gas-solid  suspensions  are now 
being considered as nuclear reactor coolants and a s  working 
f l u i d s  i n  conventional gas power cycles for space power generation. 
Even though gas-solid suspensions find such widespread appli- 
cat ions,  the predict ion of  pressure losses  associated with their  
flow is still mostly an empirical art. One would expect that  as 
the suspensions become less and less concentrated the flow 
proper t ies  would be more readily charackerized and more e a s i l y  
understood,  since  they  approach  those  of  the  gas; However, the 
opposite i s  t r u e .  The flow of dilute gas-solid suspensions is  
even less predictable than that of concentrated suspensions. 
Many analytical  approaches attempting to describe the flow 
characterist ics of gas-solid suspensions appear i n  t h e  l i t e r a t u r e .  
So0 and coworkers have studied many different  aspects  of  gas-sol id  
flow and t h e i r  work i s  very valuable i n  obtaining an in s igh t  i n to  
some of the complex ef fec ts  of  the  in te rac t ions  of  the  par t ic les  
with the flowing gas. A summary of Soo's work as  wel l  as  many 
other important contributions to the theory of gas-solid suspension 
flow can be found i n  Soo's recent  text  "Fluid Dynamics of Mult i -  
phase  Systems" ( r e f .  1) . 
Saffman (ref.2) presented the equations of motion of a gas 
carrying small  dust  par t ic les  and der ived the equat ions sat isf ied 
by small  disturbances i n  a steady  laminar  flow. H i s  analysis  
indicated that  under  cer ta in  condi t ions f ine dust  had a s t a b i l i z i n g  
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ac t ion  and that the pressure drop of a suspension could be less 
than that of a pure gas.  Julian and Dukler (ref.  3) presented 
correlations for the pressure drop caused by a flowing gas-solid 
suspension computed by use  of an eddy v i scos i ty  model.  These 
correlat ions indicated that  the pressure drop of  a suspension 
should monotonically increase as particle concentration increases. 
Pfeffer ,  Rosset t i  and L ieb le in  ( r e f .  4)  applied the Reynolds 
analogy between hea t  and momentum t r ans fe r  t o  ob ta in  a co r re l a t ion  
for the pressure drop associated with flowing suspensions. 
Boothroyd ( r e f .  5 )  used dimensional analysis i n  an  attempt t o  
understand  the  flow  of  suspensions. However, due to  the  inherent  
assumptions necessary with each of the analytical approaches and 
seemingly conflicting or inadequate experimental  results none of 
the analyses has proven to be completely adequate. 
Experimental  invest igat ions using large par t ic les  (par t ic le  
diameter > 100 microns ( ( r e f s .  6-11) have found tha t  t he  add i t ion  
o f  s o l i d  p a r t i c l e s  t o  a turbulently flowing gas w i l l  always 
increase  the  f r ic t iona l  res i s tance  t o  flow.  Studies  using  small 
p a r t i c l e s  ( r e f s .  12 -17)  have a l s o  reported this drag increase.  
Other investigators using small  particles have, however, reported 
a decrease i n  t he  f r i c t iona l  r e s i s t ance  below that  of  the pure gas  
a t  low so l ids   loading   ra t ios   ( re fs .  5, 18, and 1 9 ) .  This phenomenon 
commonly referred to as "drag reduction" has been found to occur 
upon the addition of small amounts o f  v i scoe la s t i c  ma te r i a l  t o  
l i qu ids  ( r e f s .  20-23) and a l so  i n  the flow of liquid-solid sus- 
pensions  ( refs .  2 4  and 2 5 )  However, drag  reduction  with  gas-solid 
suspensions i s  a dubious phenomenon with meager evidence supporting 
it 
The object ives  of  this  s tudy w e r e  t o  determine the effects of 
cer ta in  s ign i f icant  var iab les  such  as par t ic le  concentrat ion 
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( l o a d i n g  r a t i o ) ,  par t ic le  diameter and gas Reynolds number on 
the pressure drop and f low characteristics of  a suspension flowing 
through a tube  in  fu l ly  deve loped  tu rbu len t  f l ow.  Pa r t i cu la r  
a t t e n t i o n  w a s  given to  suspensions having a loading  ra t io  of  
so l id s  to  gas  f low rates o f  less than one so as t o  i n v e s t i g a t e  
the ex ten t  of  drag  reduct ion .  In  addi t ion ,  the e f f e c t  o f  
h o r i z o n t a l  o r  v e r t i c a l  t r a n s p o r t  o f  these suspensions w a s  a l s o  
inves t iga t ed .  
Experimental Apparatus and Materials 
The apparatus  employed i n  this s tudy  was based on the use 
of a c i rculat ing compressor  capable  of  pumping both  gas  and s o l i d s  
toge ther  wi thout  damage t o  i ts  i n t e r n a l  p a r t s  o r  c a u s i n g  any 
contamination  of  the  suspension. This compressor  thus  permitted 
design  of  a c losed   ( rec i rcu la t ing)   exper imenta l   loop .   Pressure  
drop  across  both  hor izonta l  and v e r t i c a l  t es t  sec t ions  w e r e  
measured by means of micromanometers. Velocity and turbulence 
measurements w e r e  made with an anemometer equipped with a qua r t z  
coated thermister  probe capable  o f  withstanding the impacts  of 
the s o l i d  p a r t i c l e s .  P a r t i c l e  c o n c e n t r a t i o n  was determined with 
a spec ia l ly  des igned  two phase mass flow meter employing s t r a i n  
g a g e s .  I n  o r d e r  t o  p r o p e r l y  c a l i b r a t e  t h e  mass flow meter, t h e  
closed loop w a s  modif ied for  open-loop operat ion.  Five different  
s i zes  o f  g l a s s  beads  w e r e  used i n  the  exper iments  in  order  to  
d e t e r m i n e  t h e  e f f e c t  o f  p a r t i c l e  d i a m e t e r  o n  f r i c t i o n a l  p r e s s u r e  
loss. Some o f  t he  de t a i l s  conce rn ing  the apparatus  and m a t e r i a l s  
employed in  the  s tudy  a re  p re sen ted  below: addi t iona l  in format ion  
can be obtained from re fe rence  26. 
A schematic diagram of the experimental  loop is  shown i n  
f i g u r e  1. The loop w a s  p r imar i ly  cons t ruc ted  of  1" O.D. s t a i n l e s s  
steel  tubing but  a lso contained four  pyrex glass  viewing sect ions.  
4 
Flow i s  i n  the counterclockwise direct ion and is  accomplished by 
the  gas - so l id s  c i r cu la to r .  Th i s  c i r cu la to r  was designed  and 
b u i l t  b y  the F r a n k l i n  I n s t i t u t e  and donated t o  the City College 
f o r  t h i s  r e s e a r c h  b y  the Bureau of Mines a t  Morgantown, West 
Virg in ia .  The c i r c u l a t o r  w a s  d r iven  by  a 15 horsepower variable 
speed induction motor powered by a 25 horsepower motor coupled 
with a var iable  f requency generator .  The motor generator provided 
stepless speed v a r i a t i o n s  i n  t w o  ranges from  1600 t o  6000 and 
from 2640 t o  13200 rpm. 
I n  o r d e r  t o  promote  uni form par t ic le  d i s t r ibu t ion  sharp  90 0 
elbows w e r e  ins ta l led  before  every  sec t ion  of  the  loop  where  
measurements w e r e  taken. The v e r t i c a l  t e s t  s e c t i o n  w a s  30" long 
and was located approximately 5 f e e t  from t h e  elbow i n  t h e  upward 
v e r t i c a l  l e g  o f  t h e  l o o p .  The h o r i z o n t a l  tes t  s e c t i o n  was  40" 
long and w a s  preceded by a calming section of approximately 8 
feet  in  l eng th .  The downward v e r t i c a l  l e g  o f  the loop contained 
a n  o r i f i c e  p l a t e ,  t h e  two phase flow meter and the anemometer 
p robe  in l e t .  A par t i c l e  i n l e t  po r t  u sed  in  open  loop  ope ra t ion  
fo l lows  the  anemometer p robe  in l e t .  
A c ros s  sec t ion  o f  t he  two phase mass flow meter, designed 
by  the  Bureau  of  Mines is  shown i n  f i g u r e  2. The metering  element 
i s  a t a r g e t  a t t a c h e d  t o  a rod a t  the end of a can t i l eve red  metal 
s t r i p  t o  wh ich  a re  a f f ixed  me ta l  fo i l  s t r a in  gages .  The s t r a i n  
gages sense the d e f l e c t i o n s  of t h e  f l e x i b l e  m e t a l  s t r i p  c a u s e d  
b y  t h e  s o l i d  and gas  ac t ing  on  the t a r g e t .  The d e f l e c t i o n  is  
monitored continuously by a recorder which also continuously 
monitored the temperature  in  the loop. 
The anemometer p robe  used  in  th i s  s tudy  w a s  a thermis tor  
probe developed by the D I S A  S&B Corp. This probe was L shaped 
and had a glass  coated thermistor  bead suspended a t  the t i p .  
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The L-shape of the probe allowed velocity measurements to be 
taken without  interference from the support  rod. The t h i c k  g l a s s  
coat ing prevented the par t ic les  from damaging the  the rmis to r  o r  
i n t e r f e r ing  wi th  the  measurement. One such probe w a s  t e s t e d  i n  
the  c losed  loop  for  % hour of continuous operation under conditions 
of heavy par t ic le  loading  us ing  la rge  d iameter  par t ic les .  A t  t h e  
end o f  t h i s  time it was found that  the probe had not  changed 
c a l i b r a t i o n .  
The lower horizontal  leg of  the loop contains  a p i t o t   s t a t i c  
tube  assembly which was used  for  ca l ibra t ing  the  anemometer probe 
and a p a r t i c l e  i n l e t  which was used t o   f i l l   t h e  loop during closed 
loop operation. A t  t h e  end  of the bot tom horizontal  sect ion of  
the  loop  there  i s  a t h r e e  way b a l l  v a l v e  which w a s  used t o  c l e a n  
the loop through a sintered m e t a l  f i l t e r .  
Closed loop experiments w e r e  run with suspensions containing 
p a r t i c l e s  o f  f i v e  d i f f e r e n t  p a r t i c l e  s i z e s .  These  experiments 
w e r e  performed by adding small amounts of p a r t i c l e s ,  u s u a l l y  i n  
5 o r  10 gram increments to the loop through the opening downstream 
of t h e  p i t o t  s t a t i c  s e c t i o n  and t h e n  c i r c u l a t i n g  t h e  p a r t i c l e s ,  
t ak ing  s t ra in  gage ,  anemometer, o r i f i c e  and v e r t i c a l  and horizontal  
pressure drop readings.  The nominal p a r t i c l e  s i z e s  o f  t h e  f i v e  
d i f f e r e n t  s i z e  g l a s s  b e a d s  s t u d i e d  a r e  shown i n  T a b l e  I. 
TABLE I. - PARTICLE S I Z E S  
Descr ipt ive T i t l e  Actual Nominal P a r t i c l e  s i z e *  
5OP 
34Y 3OP 
5 91.1 
I 
#279 
l0cl #980 
20P #98l 
25P 
*Determined by Coulter Counter Analysis 
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Size  d i s t r ibu t ion  ana lyses  w e r e  made both photographically and 
by use of  a Coul ter  counter .  Figure 3 shows microphotographs 
of the 30y glass  beads both before  and after c i rcu la t ion  through 
the loop.  A s  can be seen from t h e  f i g u r e  t h e  p a r t i c l e s  are 
sphe r i ca l  i n  shape  and f a i r l y  uniform i n  s i z e  b o t h  b e f o r e  and 
a f t e r  c i r c u l a t i o n  t h r o u g h  the loop. 
Cal ibrat ion Procedure and Data Analysis 
I n  o r d e r  t o  o b t a i n  m e a n i n g f u l  r e s u l t s  w i t h  t h e  two phase 
flow meter it f i r s t  had t o  be cal ibrated in  an open loop system 
under  var ious -condi t ions of  sol ids  loading and gas  f low rate .  
A schematic diagram of the open loop system used f o r  c a l i b r a -  
t ion  of  the  f low meter i s  sh'own i n  f i g u r e  4 .  Pa r t i c l e s  w e r e  fed 
in  by  us ing  a he l ix  type  vo lumet r i c  d ry . f eede r  i n to  a r o t a r y  a i r  
lock. The a i r  lock  permi t ted  cont inuous  feeding  wi thout  a l lowing  
a d d i t i o n a l  a i r  t o  be introduced in  the system. A v i b r a t o r  was 
i n s t a l l e d  on the i n l e t  Y to  main ta in  cont inuous  f low in to  the  
loop. The a i r  v e l o c i t y  was measured  by a p i t o t  s t a t i c  tube 
assembly placed upstream of  the par t ic le  entrance.  
The c o l l e c t o r  was e s s e n t i a l l y  a cyc lone  wi th  s in te red  tubes 
provid ing  the  a i r  out le t .   This   design  prevented  sol ids   contami-  
na t ion  o f  t he  a i r  and also prevented extensive clogging of  the 
s i n t e r e d  tubes. The two phase flow meter was c a l i b r a t e d  b y  
we igh ing  the  pa r t i c l e s  co l l ec t ed  pe r  un i t  t i m e  during open loop 
opera t ion .  The da ta  obta ined  w e r e  correlated by applying a 
simple mementum balance.  
The s t ra in  gage  reading  obta ined  from t h e  two-phase flow 
meter i s  p r o p o r t i o n a l  t o  t h e  f o r c e  which t h e  f l u i d  e x e r t s  on t h e  
c i rcular  t a r g e t  i n s e r t e d  i n  t h e  stream. This fo rce  i s  e q u a l  t o  
t h e  t i m e  rate of change of momentum of  the suspension,  so  t h a t  
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The suspension is  composed of both gas and so l id s ,  t he re fo re ,  
equat ion (1) can be w r i t t e n  a s  
Expansion of th i s  equat ion  wi th  the  assumpt ion  tha t  there  i s  no 
s l i p  be tween  the  pa r t i c l e  and gas  and t h a t  t h e r e  i s  no acce le ra t ion  
y i e l d s  
however, 
and 
dmp = wp dt 
so tha t  equa t ion  ( 3 )  can be w r i t t e n  a s  
Since the area of the target does not occupy the entire flow 
area  of the  tube ,  it is  e n t i r e l y  p o s s i b l e  t h a t  t h e  r e l a t i o n s  
between V and the  mass  flow ra t e  o f  gas  and s o l i d s  is  no t  l i nea r  
so t h a t  an equation of the form, 
ST 
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may be expected. 
( 7 )  very w e l l  and 
g ive  
The experimental data w e r e  found t o  f i t  e q u a t i o n  
"best values" of the constants w e r e  determined t o  
where v the  center l ine  gas  ve loc i ty  has  been  used  to  rep lace  v 
C 4 
the average gas velocity for convenience purposes.  It  i s  in t e r -  
es t ing  to  note  tha t  the  cons tan ts  a and b w e r e  both found t o  have 
t h e  same value.   Since  the  loading  ra t io ,  q, is  def ined  as   the 
r a t io  o f  t he  pa r t i c l e  f low ra t e ,  W , an$ the gas  mass  flow r a t e ,  
0.8 p v A, the  f ina l  co r re l a t ion  can  be expressed i n  terms of q 
a s  
P 
g c  
r l =  'ST 1 1.238 1.808 - 0 * 5 9 0  0.0217(pgvc) 
Although technical ly  val id  only for  the 30p p a r t i c l e s  which w e r e  
used i n  t h e  c a l i b r a t i o n  r u n s ,  t h i s  c o r r e l a t i o n  was used t o  determine 
l o a d i n g  r a t i o s  f o r  a l l  t h e  g l a s s  p a r t i c l e s  s t u d i e d  i n  t h i s  work. 
Af t e r  ca l ib ra t ion  o f  t he  two phase flow meter, a t t e n t i o n  was 
turned to running the closed loop experiments.  In order to make 
sure that fully developed flow was obtained i n  bo th  hor izonta l  
and v e r t i c a l  t es t  sec t ions ,  ve loc i ty  p ro f i l e s  and pressure drops 
w e r e  taken using air  as  the f lowing f luid.  The thermistor  ane- 
mometer probe which w a s  used to  de t e rmine  gas  ve loc i ty  p ro f i l e s  
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during closed loop operat ion w i t h  suspensions w a s  a l s o  c a l i b r a t e d  
a g a i n s t  t h e  p i t o t  t u b e  i n  t h e  l o w e r  h o r i z o n t a l  s e c t i o n ,  a s  w a s  
the oLif ice  upstream of  the two phase flow meter. 
V e l o c i t y  p r o f i l e s  w e r e  obtained for tube Reynolds numbers 
from 10,000 t o  40,000. A t y p i c a l  set  o f  da t a  i s  shown i n  f i g u r e  5. 
The f i g u r e  shows a p lo t  o f  t he  cu rve  ob ta ined  by  us ing  the  1 /7 th  
power law based on the  exper imenta l ly  de te rmined  center l ine  
ve loc i ty .  The greeement between the d a t a  and t h e  p r e d i c t e d  
curves w a s  better than  3%. 
Figure 6 shows the  exper imenta l ly  measured  f r ic t ion  fac tor  
versus Reynolds number c u r v e s  f o r  t h e  h o r i z o n t a l  t e s t  sec t ion .  
The d a t a  a r e  compared wi th  the  recommended c o r r e l a t i o n  ( r e f .  27 )  
f' = 0.1.84 Re' 0.2 (10) 
and a r e  s e e n  t o  be within+5%. The v e r t i c a l  t e s t  s e c t i o n  d a t a  
seemed t o  f i t  t h e  o t h e r  recommended c o r r e l a t i o n  ( r e f .  2 7 )  
f = 0.0056 + 0.5 Re- 0.32  
s l i g h t l y  better and a r e  compared w i t h  t h i s  c o r r e l a t i o n  i n  f i g u r e  7. 
Again the agreement i s  wi th in  2 5 %  of  the  co r re l a t ion .  
Having completed the calibration and pure  gas  runs ,  da ta  w e r e  
co l lec ted   for   suspens ions   f lowing   in   the   c losed   loop .   Fr ic t ion  
fac tors  for  bo th  suspens ion  f low and pure gas flow were c a l c u l a t e d  
us ing  the  common re la t ion  for  incompress ib le  gas  f low 
2gn APD 
f =  ci 
pg$L 
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where t h e  f r i c t i o n  f a c t o r  i s  calculated by using the gas density 
and an average gas velocity (G = 0.8 v ) for each case.  Since the 
pressure drop i s  very small compared t o  t h e  s t a t i c  p r e s s u r e  and 
because the loop flow i s  e s sen t i a l ly  i so the rma l ,  acce le ra t ion  
e f f e c t s  a r e  n e g l i g i b l e  and 
C 
AP = AP, 
fo r  t he  ho r i zon ta l  t es t  sec t ion  and 
AP = AP, - 'TlpgL 
f o r  t h e  v e r t i c a l  t es t  sec t ion  where AP i s  t h e  measured  pressure 
drop. The f r i c t ion  f ac to r s  ca l cu la t ed  by  these  r e l a t ions  fo r  t he  
suspension w e r e  then  d iv ided  by  f r ic t ion  fac tors -ca lcu la ted  by  
equation (10) fo r  ho r i zon ta l  test sec t ion  da ta  an3 equation (11) 
f o r  v e r t i c a l  test s e c t i o n  d a t a  a t  t h e  same gas Reynolds number. 
The f r i c t i o n  f a c t o r  r a t i o  f o r  t h e  h o r i z o n t a l  s e c t i o n  t h e r e f o r e  
r e p r e s e n t s  t h e  r a t i o  o f  s u s p e n s i o n  t o  a i r  p r e s s u r e  d r o p  a t  a 
given  Reynolds number. Fo r  the  ve r t i ca l  test  s e c t i o n  t h i s  f r i c t i o n  
f a c t o r  r a t i o  i s  the  pressure  drop  ra t io  cor rec ted  for  the  so l ids  
head i n  t he  sec t ion .  
m 
Experimental R e s u l t s  
During closed-loop experimental operations with a suspension 
a s  t h e  working f l u i d ,  mass f low ra t io s ,  f r i c t ion  f ac to r s  fo r  bo th  
v e r t i c a l  and hor izonta l  t e s t  sec t ions ,  cen te r l ine  ve loc i ty  and 
percent  turbulence as  wel l  as o r i f i c e  c o e f f i c i e n t s  w e r e  determined. 
I n  addi t ion,  a photographic analysis using the pyrex section pre- 
ceding the horizontal  t es t  sec t ion  was performed for representative 
Reynolds number and loading   ra t io   condi t ions .   Par t ic le   s ize  
I 
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d i s t r ibu t ion  ana lyses  w e r e  a l s o  made on r ep resen ta t ive  pa r t i cu la t e  
samples both before and after circulation through the loop. The 
resu l t s  of  these  ana lyses  and experiments are presented and dis- 
cussed below. 
Curves of loading ratia as a funct ion of  weight  of  par t ic les  
added t o  the system w e r e  ob ta ined  for  the f i v e  p a r t i c l e  s i z e s  a t  
each of three different Reynolds number ranges.  These  are shown 
i n  Figure 8 f o r  t h e  30p p a r t i c l e s  and are  typ ica l  of  the  type  of  
resul ts  ob ta ined  wi th  a l l  b u t  t h e  s m a l l e s t  p a r t i c l e s .  With the  
exception of these #980 glass beads (average D = lop) a l l  o f  t h e  
curves w e r e  roughly  S-shaped.  For  each p a r t i c l e  s i z e  a comparison 
o f  t he  p lo t s  fo r  t he  th ree  d i f f e ren t  Reynolds numbers ind ica ted  
tha t  t he  h ighe r  t he  Reynolds number the h igher  the  loading  ra t io  
a t  any given weight added t o  t h e  system; The e f f e c t  was more 
pronounced as  the weight  added to the loop increased. This can be 
explained by the fact  that  a la rger  percentage  of  par t ic les  a re  
entrained by the  gas  when i ts  ve loc i ty  i s  high as compared t o  when 
it i s  low. A t  low a i r  v e l o c i t i e s  it i s  more l i k e l y  t h a t  p a r t i c l e s  
w i l l  be trapped i n  the compressor,  elbows or other sections of 
the loop. I t  should also be p o i n t e d  o u t  t h a t  p a r t i c l e s  w i l l  
remain i n  suspension a t  h i g h e r  c o n c e n t r a t i o n s  f o r  h i g h e r  a i r  
v e l o c i t i e s .  
P 
The shape of these curves can be explained on the basis of 
d i f f e r i n g  i n t e r a c t i n g  e f f e c t s .  The lower portion of the curves is  
l e s s  s t e e p  and i n d i c a t e s  t h a t  a small percentage  of  the  par t ic les  
added t o  t h e  system are  actual ly  c i rculat ing.  For  the larger  
p a r t i c l e s  t h i s  e f f e c t  was more pronounced than for smaller 
p a r t i c l e s  and i s  pr imari ly  due to  the par t ic les  accumulat ing i n  
i r r e g u l a r i t i e s  i n  the  loop .  For  the  smal le r  par t ic les  the  e f fec t  
can  a l so  be a t t r i bu ted  to  the i r  cohes iveness  which i n i t i a l l y  makes 
them more d i f f i c u l t  t o  c i r c u l a t e  and poss ib ly  ind ica t e s  a tendency 
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for  those  par t ic les  to  coa t  the  sur face  of  the  loop  (a l though 
t h i s  was not  visual lyobser .+d except  for  the smallest  s ize  glass  
beads) .  The s teep  por t ion  of  the  curves  appears  to  occur  a f te r  
t h e  s u r f a c e  i r r e g u l a r i t i e s  a r e  f i l l e d  and af te r  cohes ive  forces  
a r e  no longe r  su f f i c i en t  t o  p reven t  add i t iona l  pa r t i c l e s  from 
be ing  c i rcu la ted .  
Af t e r  t h i s  s t eep  po r t ion ,  t he  f igu re  ind ica t e s  a second flat-  
tened par t  of  the curves.  I n  this  region adding more p a r t i c l e s  t o  
the system does not appear to significantly increase t h e  amount of 
c i r cu la t ing  ma te r i a l .  This i s  a result of  par t ic le  sedimentat ion,  
so t h a t  a s  p a r t i c l e s  a r e  added o t h e r  p a r t i c l e s  se t t le  o u t  a t  
approximately  the same r a t e .  This sedimentation can be p a r t i a l l y  
a t t r i b u t e d  t o  t h e  s i z e  o f  t h e  p a r t i c l e s ,  a s  t h e  50p p a r t i c l e s  
exh ib i t  t h i s  s econd  f l a t t ened  po r t ion  o f ’  t he  cu rve  a t  t he  lowes t  
concen t r a t ion  fo r  t he  h ighes t  Reynolds number s tud ie s .  However, 
s ince  th i s  f l a t t en ing  ou t  occur s  a t  approximately the same loading 
r a t i o  ( a t  t h e  same Reynolds number) €o r  t he  o the r  pa r t i c l e s  and 
since at  the lower Reynolds numbers the  smal le r  par t ic les  exhib i ted  
f l a t  p o r t i o n s  a t  t h e  same o r  lower concentration than the large 
p a r t i c l e s ,  a more complicated  explanation is indicated.  The 
cohes iveness  of  the  f ine  par t ic les  a lmost  cer ta in ly  w i l l  t end  to  
cause sedimentation at  lower concentration than would be otherwise 
expected.  Furthermore,  the  lower  the  velocity  the more important 
the cohesive force since re-entrainment i n  t h e  f l u i d  stream 
becomes more d i f f i c u l t .  
The s m a l l e s t  p a r t i c l e s  (#980 glass  beads)  d id  not  exhib i t  the  
previously discussed S shaped  curves. The curves  obtained  for 
t h e s e  p a r t i c l e s  were  ex t remely  f la t ,  ind ica t ing  d i f f icu l ty  of  
entrainment.  Furthermore, it was a l so  found t h a t  w.ith  these 
par t ic les  humidi ty  s t rongly  a f fec ted  the  loading  ra t io  obta ined  
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a t  a given weight  added to  the system. A t  high humidity few 
p a r t i c l e s  c o u l d  be c i r c u l a t e d   a t  any b u t  t h e  highest Reynolds 
number. These r e s u l t s  t e n d  t o  c o n f i r m  t h a t  par t ic le  cohesiveness 
p l ays  an  impor t an t  ro l e  i n  de t e rmin ing  load ing  r a t io  cha rac t e r -  
istics. 
By measuring the pressure drop across  the or i f ice  and 
assuming an average velocity of 0.8 times t h e  c e n t e r l i n e  v e l o c i t y  
measured by the anamometer,  orifice coefficients were also 
c a l c u l a t e d  f o r  a l l  o f  t h e  c l o s e d  l o o p  r u n s  a t  d i f f e r e n t  p a r t i c l e  
l oad ing   r a t io s  and  Reynolds  numbers. These r e s u l t s  a r e  p l o t t e d  
i n  f i g u r e  9 along w i t h  a cu rve  r ep resen t ing  the  o r i f i ce  ca l ib ra -  
t i on  ob ta ined  w i t h  pure  a i r  a s  the c i r c u l a t i n g  f l u i d .  Dashed 
curves represent ing a +5% dev ia t ion  from t h i s  c u r v e  are a l s o  
shown. Since  very few da ta  po in t s  f a l l  ou t s ide  o f  t hese  dashed  
curves it a p p e a r s  t h a t  t h e  o r i f i c e  c o e f f i c i e n t  w a s  no t  a f f ec t ed  
by  the  p re sence  o f  pa r t i c l e s  i n  the  f low stream. These r e s u l t s  
confirm O r r ’ s  conten t ion  ( ref .  28)  t h a t  a p r o p e r l y  c a l i b r a t e d  
o r i f i c e  c a n  be used to determine gas mass flow rates f o r  d i l u t e  
suspensions.  
The pressure  drop  da ta  obta ined  w e r e  analyzed by plot t ing 
t h e  r a t i o  o f  t h e  f r i c t i o n  f a c t o r  w i t h  and w i t h o u t  p a r t i c l e s  a t  
t h e  same gas Reynolds number a s  a func t ion  of  so l ids  loading  
r a t i o  f o r  b o t h  t h e  h o r i z o n t a l  and v e r t i c a l  t es t  sec t ions  fo r  each  
o f  t h e  f i v e  p a r t i c l e  s i z e s  and each of three Reynolds number 
ranges s tudied.  A great dea l  of d a t a  w e r e  taken and  although 
t h e  p o i n t s  showed q u i t e  a b i t  o f  s c a t t e r  ( a l l  of t h e  d a t a  p o i n t s  
can be found i n  r e f .  2 6 ) ,  curves w e r e  f a i r e d  i n  b y  e y e  t o  
r ep resen t  t he  da t a .  
Figure 10 shows the  cu rves  thus  ob ta ined  fo r  t he  50p 
p a r t i c l e s .  The f i g u r e  shows a n   i n c r e a s e   i n   t h e   f r i c t i o n   f a c t o r  
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r a t io  a s  t he  load ing  r a t io  inc reased  fo r  each  Reyno lds  number i n  
t h e  h o r i z o n t a l  tes t  sec t ion .  The largest increase  occurred a t  
the  lowest  Reynolds number. I n  t h e  v e r t i c a l  test s e c t i o n  t h e  
curves show a large d e c r e a s e  i n  f r i c t i o n  f a c t o r  a s  l o a d i n g  r a t i o  
is increased. The "drag reduct ion" i s  found t o  be g r e a t e s t  a t  
the  highest   Reynolds  number. I n  other   words,   the   lower  the 
Reynolds number, the h ighe r  the f r i c t i o n  f a c t o r  r a t i o  f o r  b o t h  
t h e  v e r t i c a l  and h o r i z o n t a l  s e c t i o n s .  The f i g u r e  a l s o  i n d i c a t e s  
t h a t   a t  the higher Reynolds number t h e  f r i c t i o n  f a c t o r  r a t i o  
appears  to  have an inf lect ion perhaps indicat ing a tendency t o  
reach a minimum. 
The resu l t s  ob ta ined  us ing  the  30y p a r t i c l e s  a p p e a r  t o  
e x h i b i t  s i m i l a r  t r e n d s  a s  shown by  f igure  11. The f i g u r e  i n d i c a t e s  
less d rag  inc rease  in  the  ho r i zon ta l  t es t  s e c t i o n  and s l i g h t l y  
g r e a t e r  d r a g  r e d u c t i o n  i n  the v e r t i c a l  s e c t i o n  a t  the h i g h e s t  
Reynolds number considered. 
The resu l t s  ob ta ined  us ing  the #279 g la s s  beads  shown i n  
f i g u r e  1 2  i n d i c a t e  t h a t  w i t h  t h e s e  p a r t i c l e s  d r a g  r e d u c t i o n  is  
a l s o  f o u n d  i n  t h e  h o r i z o n t a l  s e c t i o n  a t  t h e  two highest  Reynolds 
numbers.  However, the  decrease  i s  a t  most 18% and t h e r e  i s  a 
s l i g h t  d r a g  i n c r e a s e  a t  t h e  l o w e s t  Reynolds number condi t ion .  
The r e s u l t s  i n  t h e  v e r t i c a l  t e s t  sec t ion  aga in  ind ica te  drag  
r educ t ion ,  bu t  no t  t o  the  same e x t e n t  a s  w i t h  t h e  l a r g e r  p a r t i c l e s .  
N o  i n f l e c t i o n  w a s  obse rved  fo r  t he  ve r t i ca l  tes t  s e c t i o n  r e s u l t s  
up t o  t h e  h i g h e s t  l o a d i n g  r a t i o  i n v e s t i g a t e d .  
The #98l  glass  beads w e r e  v e r y  s i m i l a r  t o  t h e  #279 beads - 
having a mean diameter  of  2 0 ~  compared t o  25y f o r  t h e  #279 beads. 
However, the #98l beads had a somewhat d i f f e r e n t  s i z e  d i s t r i b u t i o n .  
I n  view of t h e i r  s i z e  s i m i l a r i t y ,  it was n o t  s u r p r i s i n g  t h a t  t h e  
r e s u l t s  f o r  t h e  # 9 8 l  g l a s s  b e a d s  i n  b o t h  t h e  h o r i z o n t a l  and v e r t i c a l  
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test sec t ions  as shown i n  f i g u r e  13 exh ib i t ed  the  same genera l  
t r ends  and magnitudes as those for the #279 glass  beads .  The 
only  except ion  to  th i s  agreement  appears  in  the  hor izonta l  da ta  
a t  t h e  l o w e s t  Reynolds number where a s l igh t  d rag  r educ t ion  
r a the r  t han  a s l i g h t  d r a g  i n c r e a s e  i s  shown. This could be 
a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e  #279 glass  beads  conta ined  more 
l a r g e r  p a r t i c l e s  t h a n  t h e  #98l g las s  beads .  This i s  a l s o  t h e  
probable  reason  tha t  a l l  o f  t h e  h o r i z o n t a l  t e s t  s e c t i o n  f r i c t i o n  
f a c t o r  results a re  s l i gh t ly  lower  than  fo r  t he  #279 glass  beads .  
The sma l l e s t  pa r t i c l e s  u sed  i n  t h i s  i n v e s t i g a t i o n  were the  
#980 glass   beads   (average  D =lop) The results wi th   these  
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p a r t i c l e s  showed p r a c t i c a l l y  no e f f e c t  of  Reynolds number. As 
seen i n  f i g u r e  14 these  pa r t i c l e s  gave  s l igh t  d rag  r educ t ion  i n  
bo th   ho r i zon ta l  and v e r t i c a l  tes t  sect ions.   Furthermore,   there  
appears  to  be very little d i f f e rence  i n  t h e  r e s u l t s  f o r  b o t h  test  
sec t ions .  
I n  o r d e r  t o  show more c l e a r l y  t h e  e f f e c t  o f  p a r t i c l e  s i z e  on 
t h e  f r i c t i o n  f a c t o r  r a t i o ,  two sets of  addi t ional  curves  were 
prepared.  These  are shown i n  f igu res  15  and 16. Figure 1 5  shows 
t h e  r e s u l t s  o f  f r i c t i o n  f a c t o r  r a t i o  a s  a funct ion of  loading 
r a t i o  f o r  t h e  f i v e  d i f f e r e n t  p a r t i c l e  s i z e s  a t  t h e  h i g h e s t  
Reynolds number i n  t he  ho r i zon ta l  s ec t ion .  The f i g u r e  c l e a r l y  
shows t h a t  t h e  50p and 30p p a r t i c l e s  r e s u l t  i n  drag  increases ,  
whereas, the #279,  #98l and #980 glass  beads cause drag reduct ion 
of approximately the same order of magnitude, but less t h a n  t h a t  
exh ib i t ed  fo r  t he  same p a r t i c l e s  i n  t h e  v e r t i c a l ,  s e c t i o n .  
The v e r t i c a l  s e c t i o n  r e s u l t s  shown i n  f i g u r e  16 i n d i c a t e  t h a t  
t he  maximum drag reduction is  ob ta ined  fo r  t he  30p p a r t i c l e s  w i t h  
the  5 0 ~  p a r t i c l e s  g i v i n g  o n l y  s l i g h t l y  more drag. The #98l and 
#279 glass beads gave approximately the same magnitude of drag 
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reduction - a value less than achieved with the larger  par t ic les .  
The smal les t  par t ic les  appear  to  g ive  the  leas t  d rag  reduct ion .  
Discussion of R e s u l t s  
The best explana t ion  for  the  ver t ica l  test  sec t ion  results 
appears t o  be given by a theore t ica l  ana lys i s  on t h e  s t a b i l i t y  o f  
a dusty  gas  by Saffman ( r e f .  2 ) .  I n  t h i s  ana lys i s ,  Saffman showed 
t h a t  i f  t h e  p a r t i c l e s  a r e  f i n e  enough for  the  re laxa t ion  t i m e ,  
which i s  a measure  of  the  ra te  a t  which the veloci ty  of  a p a r t i c l e  
ad jus t s  to  changes  in  the  gas  ve loc i ty ,  to  be small compared with 
the  t i m e  scale  of  the turbulent  eddies ,  then the addi t ion of  
p a r t i c l e s  c a u s e s  t h e  c r i t i c a l  Reynolds number f o r  t r a n s i t i o n  
from laminar  to  turbulent  f low to be decreased and a drag increase 
results which is  proportional to the increased density of the 
f lu id .  However, he  p red ic t s  t ha t  i f  t he  pa r t i c i e s  a re  coa r se  so 
tha t  t he  r e l axa t ion  t i m e  i s  relat ively large,  then the suspension 
has  a s t ab i l i z ing  ac t ion  ( the  pa r t i c l e s  cause  a h i g h e r  c r i t i c a l  
Reynolds number and less f r i c t iona l  p re s su re  loss). I n  other  
words, t h e  f i n i t e  s l i p  v e l o c i t y  between the particles and the gas  
causes energy to be extracted from the turbulent  eddies  resul t ing 
i n  a sma l l e r  f r i c t iona l  d i s s ipa t ion  a t  t he  wa l l .  As indicated 
by the work of Soo, ( r e f .  1) t h i s  energy extraction would be 
espec ia l ly  pronounced in  the  v i c in i ty  o f  t he  wa l l  where the  
veloci ty  of  the par t ic les  great ly  exceeds that  of  the gas .  
From Saffman's analysis it would be expected that the larger 
p a r t i c l e s  which lag behind the turbulent f luctuations of the flowing 
a i r ,  w i l l  y i e l d  more drag reduct ion than smaller  par t ic les ,  which 
t o  some extent  fol low the turbulent  f luctuat ions of  the f luid.  The 
f a c t  t h a t  t h e  5 0 ~  p a r t i c l e s  y i e l d  s l i g h t l y  less drag reduction 
than the 30p p a r t i c l e s  i n  t h e  v e r t i c a l  test  sect ion is  also reason- 
able, s ince according to  this  model, increasing the s ize  of  
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part ic les  a l ready having a re laxa t ion  time very much greater  than 
the  charac te r i s t ic  t ime sca le  of  the  eddies  lessens  the  s tab i l . i z ing  
e f f e c t  a t  a given par t ic le  concentrat ion.  A t  t h e g a s  Reynolds numbers 
s tud ied  in  th i s  inves t iga t ion  i t .would  appear  tha t  the  30p 
particles yield the optimum'relaxation t ime since both larger and 
smal le r  s ized  par t ic les  r e s u l t  i n  less drag reduction. 
The results for  the  hor izonta l  t es t  sec t ion  cannot  be  fu l ly  
explained on the basis  of  the theory j u s t  presented. The reason 
f o r  t h i s  i s  apparently due t o  g r a v i t a t i o n a l  e f f e c t s  which cause 
t h e  p a r t i c l e  number densi ty  to  vary across  the tube and not remain 
constant as required by Saffman's analysis. Because of gravity 
the  la rger  par t ic les  tend  to  congrega te  i n  the lower half  of the 
horizontal   sect ion.  A s  t h e  p a r t i c l e s  become smaller ,   their  
sedimentation velocity decreasesd hence decreasing the tendency 
toward "segregated flow" resulting i n  t h e  f r i c t i o n  f a c t o r  r a t i o s  
fo r  t he  two sections to approach one mother .  The f a c t  t h a t  t h e  
sma l l e s t  pa r t i c l e s  used i n  th i s  s tudy  y ie lded  essent ia l ly  the  
same results i n  the  hor izonta l  and v e r t i c a l  test  sect ions seems t o  
confinn  this  theory.  With the  la rger  (50p and 301.1) p a r t i c l e s  a 
drag increase was observed i n  horizontal  f low which may be  
a t t r i bu ted  to  the  f ac t  t ha t  many of  these  par t ic les  were trans- 
ported through the horizontal sections i n  "buuncing flow" that i s ,  
by bouncing along the bottom of the tube.  This "bouncing  flow" 
caused  additional  fr ictional  pressure  drop.  Since  the number 
dens i ty  of  the  par t ic les  i s  not uniform the upper portion of the 
horizontal  sect ion is  less  a f fec ted  bv the  pa r t i cu la t e  flow, so 
tha t  t he  ne t  r e s u l t  i s  a drag increase f o r  t hese  l a rge r  pa r t i c l e s .  
A s  t h e  p a r t i c l e s  become smaller the "segregated flow" is  minimized 
and drag reduction results.  
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These concepts can perhaps be best  i l lustrated by a numerical 
example. The relaxat ion t ime of  the par t ic les  i s  calculated as  
t he  r a t io  o f  t he  momentum of  the  par t ic le  to  the  force  exer ted  
on it. Assuming tha t  t he  pa r t i c l e s  a re  sphe res  of diameter D 
and using Stokes drag formula: 
P 
The charac te r i s t ic  t ime for  energy containing eddies may be 
expressed  as   ( ref .  29)  
te = 0.1 D / ~ u ,  
where uT is  the   conven t iona l   f r i c t ion 've loc i ty  and the  character-  
i s t i c  t ime for large eddies i s  
The e f f e c t  of g rav i ty  w i l l  make i t s e l f   f e l t  when the terminal 
s e t t l i n g  v e l o c i t y  o f  t h e  p a r t i c l e  i s  of the same order of magnitude 
as  the  f r ic t ion  ve loc i ty ;  aga in  the  te rmina l  se t t l ing  ve loc i ty  may 
be determined by using the Stokes' Law expression. 
Table I1 l is ts  the calculated relaxat ion t ime and terminal 
ve loc i ty  of  the  f ive  d i f fe ren t  s ize  par t ic les .  This  tab le  w i l l  
be used i n  conjunct ion with calculat ions made using a typ ica l  
s e t  of experimental data as indicated below, 
1 9  
Data: 
- 
v = 44.5 f t /sec,  (Re)g = 24,650 
AP = 1.737 l b / f t  ; D = -0833 ft. 2 
= .0790 l b / f t  ; L = 2.5 f t  2 
Calculated  Results;  UT = 2.43 f t . / s e c  
pg  
t = ,0017 sec. 
tL = .017 sec 
e 
TABLE 11. - PARTICLE RELmT_I_ON TL_ME A@D TERMINAL VELOCI-W 
PARTICLE S I Z E  RELAXATION TIME TERMINAL VELOCITY 
-0026  sec 
,010 sec 
-015 sec 
,031 see 
.094 sec 
0.084 f t / s e c  
0.332 f t / s ec  
0.483 f t / s ec  
1.01 f t / s e c  
3.02 f t / s ec  
Refer r ing  to  the  ca lcu la ted  re laxa t ion  t imes  for  the  var ious  
s i z e d  p a r t i c l e s  i n  Table IIa one  would expect, on the  bas i s  of 
Saffman's theory,  that  drag reduction would occur i n  t h e  v e r t i c a l  
s ec t ion  €o r  th i s  Reynolds number condition for each of the 
pa r t i c l e s  s ince  the  r e l axa t ion  t imes  a re  a l l  g rea t e r  t han  t . 
However, it would also be expected that the magnitude of this 
drag reduction would be smallest  for  the #980 glass  beads where 
tR . 
is  only  s l igh t ly  grea te r  than  t ., I t  would also be expected 
t h a t  t h e  maximum drag reduction would occur  fo r  pa r t i c l e s  s i zed  
somewhere between the #279 and 301.1. p a r t i c l e s  and decrease for 
l a r g e r   s i z e d   p a r t i c l e s  where t > tL. These observat ions  are  i n  
good agreement wi th  the  exper imenta l  resu l t s  for  the  ver t ica l  t es t  
sect ion.  Resul ts  for  the horizontal  sect ion are  complicated by 
t h e  e f f e c t  of g rav i ty .  The t h i r d  colmmn of Table I1 ind ica tes  
e 
e 
R 
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t h a t  t h e  e f f e c t  of g r a v i t y  w i l l  become proninent  for  the  30 and 
501-1 p a r t i c l e s  where the  te rmina l  and f r i c t i o n  v e l o c i t i e s  a r e  of 
t he  same order  of magnitude. This again i s  i n  agreement  with 
the  obse rved  r e su l t s  
Photographs showing the gross flow patterns of t h e  p a r t i c l e s  
under varying conditions of loading and Reynolds number appear 
t o  conf i rm the  f ac t  t ha t  t he  sma l l e r  pa r t i c l e s  r e spond  t o  t h e  
tu rbu len t  f l uc tua t ions  o f  t he  f lu id  t o  a g rea t e r  ex ten t  t han  the  
l a rge r  pa r t i c l e s .  F igu re  17 shows the  g ross  glow p a t t e r n s  f o r  
the  #980 glass  beads  and the 30p g las s  beads  a t  t w o  d i f f e r e n t  
loading  condi t ions.  Here t h e  l i g h t  a r e a s  r e p r e s e n t  p a r t i c l e s .  
For t he  sma l l  pa r t i c l e s  it can be seen by the wispiness of this 
p a r t i c u l a t e  f l o w  t h a t  many of  the par t ic les  are  responding t o  
the  tu rbu len t  f l uc tua t ions  of t h e  f l u i d ,  The photographs  of  the 
30p glass  beads indicate  very few of these wisps and a l s o  c l e a r l y  
show the segregated flow exhibited i n  t he  ho r i zon ta l  s ec t ion  fo r  
t h e s e  p a r t i c l e s .  
I n  an e f f o r t  t o  c l a r i f y  some aspects  of  the drag reduct ion 
experimentally, preliminary measurements of the  in tens i ty  of  
turbulence were  taken  a t .  the  center  of  the  ver t ica l  t es t  sec t ion  
using  the  thermistor  anemometer  probe.  Figure 18 shows v a r i a t i o n  
o f  i n t ens i ty  o f  t u rbu lence  r a t io  wi th  and wi thou t  pa r t i c l e s  a s  a 
func t ion  of  loading  ra t io  for  each  of  the  f ive  par t ic les  s tud ied .  
These r e s u l t s  a r e  somewhat paradoxical  i n  t h a t  t h e  r a t i o  o f  t h e  
i n t e n s i t y  of t u r b u l e n c e  w i t h  p a r t i c l e s  t o  t h a t  o f  p a r t i c l e  f r e e  
a i r  was found t o  increase  as t h e  p a r t i c l e s  were added, with the 
l a rges t  i nc rease  shown by the  3011 p a r t i c l e s  which a l so  gave  the  
la rges t  d rag  reduct ion ,  O n  the  bas i s  of  the  theory  presented  
above, it was expec ted  tha t  t hese  pa r t i c l e s  would show t h e  l a r g e s t  
decrease i n  t .he  in tens i ty  of turbulence.  However, it may b e  t h a t  
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t h e  i n t e r a c t i o n  o f  t h e  particles w i t h  the  turbulence  eddies  
occurs  very  c lose  to  the  wal l  and ,  tha t ,  a t  the c e n t e r ,  t h e  
in t ens i ty  o f  t u rbu lence  i s  a c t u a l l y  greater. S i m i l a r  r e s u l t s  
have been found with drag reducing l iquids  ( ref .  30) b u t  it 
i s  obvious  tha t  many more turbulent intensity measurements must 
be taken before  any reasonable  conclusion can be made from these  
measurements .,
Conclusions 
A c losed-loop system capable  of  cont inuously recirculat ing 
gas-sol id  suspensions has  been bui l t .  This system was used  to  
measure  pressure  dropss  gas  ve loc i t ies ,  tu rbulence  in tens i t ies  
and p a r t i c l e  c o n c e n t r a t i o n s  w i t h  t h e  a i d  o f  a s o l i d  s t a t e  
anemometry u n i t  and a spec ia l ly  des igned  and c a l i b r a t e d  two-phase 
mass  flow meter. F i v e  d i f f e r e n t  s i z e s  of g lass  beads  w e r e  s tud ied  
du r ing  the  inves t iga t ion  a t  t h ree  d i f f e ren t  gas  Reyno lds  number 
ranges  for  bo th  a v e r t i c a l  and h o r i z o n t a l  t es t  sec t ion .  From t h e  
r e su l t s  o f  t h i s  i nves t iga t ion  the  fo l lowing  conc lus ions  can  be 
reached: 
1. "Drag reduction" does occur with gas-solid suspensions 
i n  bo th  ho r i zon ta l  and v e r t i c a l  tes t  sec t ions .  
2.  The r e s u l t s  from t h e  h o r i z o n t a l  s e c t i o n  i n  t h e  l o a d i n g  
r a t io  r ange  up t o  2,5 i n d i c a t e  t h a t  the "drag reduct ion" 
i s  g r e a t e s t  f o r  t h e  s m a l l e s t  p a r t i c l e s  ( a p p r o x i m a t e l y  20%). 
Drag inc reases  o f  a s  much a s  40% w e r e  noted when t h e  two 
l a r g e s t  s i z e  p a r t i c l e s  w e r e  c i r c u l a t e d ,  
3. The v e r t i c a l  t e s t  s e c t i o n  resul ts  f o r  t h e  same loading 
r a t i o s  i n d i c a t e  t h a t  " d r a g  r e d u e t i o n "  i s  a t  an optimum f o r  
t h e  30p par t ic les  (approximate ly  75%) and t h a t  t h e  amount 
o f  d rag  r educ t ion  dec reaseswi th the  l a rge r  o r  smaller  
p a r t i c l e s  
4, Except for t h e  a x a l l e s t  p a r t i c l e  s i z e p  t h e  f r i c t i o n  
f ac to r  r e su l t s  fo r  t he  ve r t i ca l  s ec t ion  w e r e  always 
lower than the horizontal section. For the smallest 
p a r t i c l e s  t h e  magni tude  of  the  f r ic t ion  fac tor  ra t ios  
i n  both sect ions was essent ia l ly  the  same. 
5. The f r i c t i o n  f a c t o r  results fo r  t he  ve r t i ca l  s ec t ion  may be 
explained by an analytical adode1 which assumes energy ex- 
t r a c t i o n  from t h e  f l u i d  stream rather than energy dissipa- 
t i o n  a t  t h e  wall., The energy extracted in  the f luid 
stream can be related to the relaxation time of the 
p a r t i c l e s  
6.  A t  any suspension concentration, the results from both 
t e s t  s ec t ions  ind ica t e  tha t  t he  lower the Reynolds number 
the higher  the rat . io  of suspension to  gas  f r ic t ion factor .  
This Reynolds number trend has been reported i n  many 
previous experimental investigations even with large 
p a r t i c l e s .  
7 .  Results from the  center l ine  turbulence  in tens i ty  ra t io  
measurements f o r  t h e  f i v e  p a r t i c l e  s i z e s  invest igated 
ind ica te  tha t  the  per  cent  tu rbulence  a t  the  center  of  
the tube increases  as  par t ic les  are  added t o  t h e  system. 
Thusa there  appears  to  be a correlation between the intensity 
of turbulence a t  t h e  c e n t e r  of the .tube and the  amount of 
drag reduction observed i n  the ver t . iea1 test sect ion.  
Concluding Remarks 
This experimental investigation has shcwn  some remarkable 
effects  of  the inf luence of  small  par t ic le  loadings and d i f f e r e n t  
p a r t i c l e  s i z e  on the pressure drop and flow c h a r a c t e r i s t i c s  
associated with turbulent-gas-par t ic le  f l o w  i n  a t u b e .  The 
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phenomenon of drag redue.tion kas been found to  occur  under  cer ta in  
f low condi t ions  in  both  ver t ica l  and horizontal  test sections.  A t  
a loading  ra t io  of 1,5 and a gas Reynolds number of 25,000 f o r  
example, - t h e   f r i c t i o n   f a c t o r   r a t i o   i n   t h e   v e r t i c a l  test  sect ion 
w a s  found t o  be as low as 0-27 when t ransport ing 30y p a r t i c l e s  i n  
a i r .  This   indicates  a reduction i n  drag  of close t o  75%! An 
explanation of these  resu l t s  based  on the  in t e rac t ion  of  the  
pa r t i c l e s  w i th  the turbulen t  s.t.rueture of the f l u i d  i n  the 
v i c in i ty  o f  t he  w a l l  has been proposed, Additional study, both 
experimental and theo re t i ca l ,  is  i n  p r o g r e s s  t o  c l a r i f y  t h e s e  
resul ts  even further and to  d iscover  how they may be appl ied  to  
advantage i n  industr ia l  processes ,  
1. 
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3. 
4, 
5. 
6. 
7 .  
8. 
9. 
10 0 
11. 
References 
Soo, S .L . ,  "Fluid Dynamics of Multfphase Systems", Blaisdell 
Publishing Coo (1967) 
Saffman, P.G.  J, Fluid Meeh,, x, 120 (1962) ., 
Julian,  F.M., and Dukler, A.E. ,  A.l.Ch,E. J., 11, 853 (1965). 
Pfef fe r ,  R. ,  Rosset t i ,  S . J ,  and Lieblein,  S .  , NASA TN, 
D3603 (1966) 
Boothroyd, Re@, , Trans,  Instn, @hemo Engrs., 44, 306 (1966). 
Vogt, E , G ,  and Whit.e, R . R , ,  Indo Eng. Chern, 40, 1731 (1948). 
Belden, D.H. and Kassel, L . S , ,  Ind, Eng. Chem. ,  41, 1174 (1949). 
Wenp C O Y ,  and Sirnonss H . P , ,  A,I.Ch.E, J., 5, 263 (1959). 
Dogin, M.E, and  Lebedev, V , P . ,  I n t o  @hem. Eng., 2, 64  (1962). 
Doig, 1 - A -  and  Roper, G . H , ,  I & E@ Fund., 6 ,  247 (1967). 
Mit l in ,  L , ,  "A Study of Pne-m.a,k,ic Conveying with Special 
Reference to P a r t i c l e  Velocity and Pressure Drop During 
Transport.", Ph.D. Thesis, Univ. of London (1954) e 
24 
"" - 
1 2 .  
13 
14. 
15. 
16. 
17 .  
18. 
19. 
20. 
21 .  
22 .  
23. 
24. 
25 .  
27.  
28. 
29 .  
30. 
Farber, L o  , Ind, Engo C h c m , ,  41, 1184 (1949) 
Mehta, N.C. ,  Smith, J . M , ,  and Comings, E,W., Ind. Eng.  Chem., 
- 49, 986 (1957) 
Schlgderberg, D.C. ,  Whitelaw, R.L,  and Carlson, R.W., 
Nucleonics, 1 9 ,  67 (1961) 
Peskin, R.L.,  Quarterly Reports 63-1  and 64-1, Contract No .  
AT (30-1) 2930, Rutgers Univ.  (1963) ., 
McCarthy, H.E. and Olson, J . H .  I & EC Fund,, 2, 471  (1968). 
Tien,  C.L. ,  and Quan, V. ,  Paper N o .  62-HJ-15 ASME (1962). 
Sproull ,  W,T. Na.tulre, 1 9 0 ,  976 (1961) 
Sood S.L. and Trezek, G,J., I 6i EC Fund,, 5 ,  388 (1966). 
Fabula, A , G , ,  Prcre,  Fo.orL'h Intern,  Congr. on Rheology,  455 
(1965) 
Ernst ,  W.D, ,  A,P,Ch,E, J . ,  p2, 581'(1966).  
Hershey, HOC. and Zakin, 3.Lo, I 6i EC Fund,', 5,  381 (1967). 
As tar i ta ,  G. I & EC Fund., 4, 354 (1965) 
Daily, J . W ,  and Bugliarello,  G e  Tappi, - 44, 497 (1961). 
Bobkowiez, A.J, and Gauvin, W.H,,  Can, J. Chem. Eng., s, 
8 7  (1965) 
Rosset t i ,  S , J , ,  "Pressure Drop and Flow Character is t ics  of 
D i l u t e  Gas-Solid Suspensions", P 'h ,D,  Thesisp C i t y  Univ. 
of N o Y .  (1969) ., 
Foust., A , S .  Wenzel, L . A , ,  Clump, COW, Maus, I,., and 
Andersen, L.B, "Princ!iples Of Unit  Operations",  John 
Wiley  and Sonsp In@,  (1960) 
O r r ,  C , ,  "Paxt.ieu1at.e  Technology", The MaeMillan Company (1966) 
Owen, P . R , ,  J. F l ~ i d  Mech, - 39, p a r t  2 ,  407-432 (1969) 
Pat.erson, G.K. I "Tcrb6lenee Measurelaents i n  Polymer Solutions 
Using  Hot-Film  Anexoxe<ry", Ph.D,  ??Iesisb University of 
MissoEri 5:. Rclla (1966) e 
25 
A 
a , b  
D 
D 
P 
f 
9C 
F 
K1’ K2 
K1 ‘K2 
1 1  
I 
L 
m , m  , m  
9 P S  
AP 
AP m 
R e  
t 
t e 
h 
tR  
U 
7 
- 
V 
V 
C 
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S 
Nomenclature 
2 
c ross  sec t iona l  a r ea  o f  t ube ,  f t .  
cons tan ts  in  equat ion  ( 7 )  
tube  diameter ,   f t .  
par t ic le  d iameter ,  microns  or  f t .  
Blas ius  f r ic t ion  fac tor ,  d imens ionless  
g rav i t a t iona l  cons t an t ,  lbs mass-ft./lbs force-sec 
force exerted on t a r g e t ,  lbs force  
cons tan ts  i n  equation ( 2 )  
cons tan ts  i n  equation ( 6 )  
intensi ty  of  turbulence,  dimensionless  
length of t es t  sec t ion ,  f t .  
mass of   gas ,   par t ic les ,   suspension,  lbs. 
pressure drop across t es t  sec t ion ,  lbs fo rce / f t .  
measured pressure drop, lbs fo rce / f t .  
gas  Reynolds number, dimensionless 
time, sec 
eddy c h a r a c t e r i s t i c  time, sec 
l a rge  eddy c h a r a c t e r i s t i c  t i m e ,  sec 
r e l axa t ion  t i m e ,  sec 
f r i c t i o n  v e l o c i t y ,  f t / s e c  
average velocity of gas, f t / s ec  
centerline gas ve loc i ty  
veloci ty   of   suspension,   f t /sec 
2 
2 
2 
r 
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VST 
W 
P 
P 
g 
P 
P 
I-I 
I-I 
T 
Nomenclature (cont. ) 
s t r a in  gage  ou tpu t ,  mi l l i vo l t s  
p a r t i c l e  f l o w  rate, g/sec 
gas   dens i ty ,   l b s / f t .  3 
3 
p a r t i c l e  d e n s i t y ,  l b / f t  
gas  v i scos i ty ,  l b s / f t - s ec  
r e f e r s  t o  p a r t i c l e  d i a m e t e r ,  m i c r o r x  
l o a d i n g  r a t i o ,  p a r t i c l e  mass flow rate/gas 
mass f l o w  ra te ,  d imens ionless  
Subscr ipts  
gas  
P p a r t i c l e s  
S suspension 
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I r P A R T l C L E  FEED INLET FOR OPEN-LOOP 
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Figure 1. - Schematic diagram of closed loop. 
! 
Gas-solids 
suspension 
1 - inch tubing 
Gas-solids 
suspension 
Figure 2. - Two phase mass flowmeter. 
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Before recirculation - 
700x magnification 
(b) After recirculation 
for 3480 seconds in 
the closed loop - 700x 
magnification. 
Figure 3. - Microphotographs of 301.1 glass beads. 
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Figure 4. - Schematic diagram of open loop. 
31 
DISTANCE FROM TOP INNER TUBE WALL(INCHES) 
Figure 5. - Typical gas velocity  profile. 
32 
I 
w 
w 
5 
GAS REYNOLDS N U M e E R , ( R e ) g  
Figure 6. - Gas friction factor as function of gas Reynolds number for horizontal  test  section. 
I 
PURE GAS REYNOLDS NUMBER, (Re)g 
Figure 7. - Gas friction  factor  as  function of gas Reynolds number for  vertical test  section. 
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Figure 8. - Loading rat io as funct ion of weight of 30p particles added to closed loop. 
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Figure 9. - Orifice  coefficient as function of orifice  Reynolds  number  for all particle  sizes  and  loading  ratios. 
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Figure 10. - Friction  factor  ratio as funct ion of loading  ratio  with  Reynolds  number as parameter  for 50p particles. 
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Figure 11. - Frict ion  factor  rat io as funct ion of loading  rat io  with  Reynolds  number as 
parameter  for 30p particles. 
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Figure 12. - Friction  factor  ratio as function of loading  ratio  with 
.4 .6 .a 1.0 
Reynolds number as 
2.0 
parameter 
3.0 
for no. 279 glass beads. 
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Figure 13. - Frict ion  factor  rat io as funct ion of loading  rat io  with Reynolds number as parameter  for no. 981 glass beads. 
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Figure 14. - Friction  factor  ratio as function of loading  ratio  with  Reynolds  number as parameter  for no. 980 glass beads, 
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Figure 15. - Frict ion  factor  rat io as funct ion of loading  ratio in horizontal  test  section. 
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Figure 16. - Friction factor ratio as function of loading ratio in vertical test section. 

Figure 18. - Relative  turbulence intensity  ratio as function of loading  ratio. 
